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REPKESEMTATIVE RESULTS IH GRAPHICAL FOEM FROM COMPUTER PRODUCTION 
RUES OF THE LOW-EEERGY IMRATJUCLEAR -CASCADE CALCULATIOE 


Hugo W. Bertini, Barbara L. Bishop, and Miriam P. Guthrie 

ABSTRACT 

This report contains an extensive set of graphs which 
are meant to illustrate the mass and energy dependence of re- 
sults that were selected from the output of computer produc- 
tion runs of a low-energy intranuclear -cascade calculation. 
The nuclear reactions considered are those resulting from the 
Interaction of neutrons and protons with energies from 50 
to 400 MeV and and with energies from 50 to 5OO MeV 
with nuclei ranging from carbon to uranium. Plausibility 
argimients are given in an attempt to explain some of the 
resixlts. 


INTRODUCTION 

The low-energy intranuclear-cascade calculation and its associated 
evaporation program, which are described elsewhere,^ were used to generate 
an extensive set of data. Calculations were made on the nuclear interac- 
tions of protons, neutrons, and n~ with energies ranging from 25 to 
400 MeV (25 to 500 MeV for pions) on nuclei with mass mmibers from 12 to 
258, A detailed description of the reactions that were calculated and the 
natirre of the available data are given in ref. 2.* Although calcilLations 
were made at energies as low as 25 MeV, the data presented in this report 
begin at 50 MeV. 

Samples of the available data which the authors felt would be 
generally useful and interesting were selected, and these data are 

^Hugo W. Bertini, Phys . Rev . 15I, I8OI (1965); Phys . Rev . I58, AB2 (I965); 
for greater detail, see Monte Carlo Calculations on Intranuclear Cascades, 
ORNL-5583 (April 25, 1963) . and Effect of Error on Results of a Low - 
Energy Intranuclear Cascade Calculation, ORNL-3786 ( Jime 1966) . 

^Hugo W. Bertini, Restilts from Low-Energy Intranuclear -Cascade Calculation, 
OREL TM-1225 (September 10, I965). 

*These data can be obtained from the Oak Ridge Radiation Shielding 
Information Center where they are available on microfilm or on magnetic 
tape in a form that is suitable for listing on an IBM printer. 
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presented here in graphical form. Their mass and energy dependence are 
thereby readily ascertained. A user could, of course, determine these 
dependences for himself but he would be swamped with data from the com- 
puter, and it is a tediovis task to sort out the particvilar pieces of 
information of interest, especially when dealing with data that have 
been put on microfilm. 

This report, together with that of Alsmiller et provides an 

excellent svnnmary of the computed data. 

DESCRIPTION 

The production of pions in any of the nuclear interactions was not 
taken into account because a large part of the energy range voider con- 
sideration is below the effective production threshold. Therefore, the 
emitted particles for either incident protons or incident neutrons can 
only be protons and neutrons, whereas for incident charged pions* they 
can be protons, neutrons, it°, and n”. 

The data pertaining to incident neutrons and emitted neutrons were 
given first -preference. Some data pertaining to emitted protons for 
incident neutrons and to emitted protons and pions for incident protons 
or pions are also included. 

To facilitate comparison, we attempted to keep the scales the same 
for the graphs that contain similar cross-section data. Tick marks were 
placed on the borders of each graph to aid in their reading. The cal- 
culated points were connected by stral^t lines merely to guide the eye. 

One should keep in mind that the calculation is a statistical one, and all 
of the results are expected to have statistical variations. 

In the brief index that follows, the figure numbers in parentheses 
refer to graphs for incident pions. Those that are not in parentheses 
apply to incident nucleons. The parenthetical expressions in the titles 

®R. G. Alsmiller, Jr., M. Leimdorfer, and J. Barish, Analytical Representa - 
tion of Nonelastic Cross Sections and Particle -Emission Spectra from 
Nude on -Nucleus Collisions in the Energy Range 25 to 400 MeV, 0RNL-^046 
(April 1967 ). 

*Pions can be emitted in a charged state different from that of the incident 
pion because charge -exchange reactions are included in the calculation. 
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refer to emitted particles when incident pions are used; otherwise, the 
titles apply to both incident nucleons and pions. 


Figs. 1, 2 (42, 45) 
Figs. 5-6 (44-47) 

Figs. 7-10 (48-51) 
Figs. n-l4 (52-55) 

Figs. 15-22 ( 56 - 65 ) 

Figs. 25-50 (64-71) 
Fig. 51 ( 72 ) 

Figs. 52-55 ( 75 - 76 ) 

Figs. 56-41 ( 77 - 82 ) 


Total Nonelastic Cross Sections. 

Average Number of Emitted Cascade Neutrons 
and Protons (Neutrons and Pions) . 

Average Number of Evaporation Nucleons. 

Average Energy of Cascade and Evaporation 
Nucleons (Neutrons, Protons, and it”) 
Differential Cross Sections for the Emission 
of Cascade Nucleons (Neutrons and it”) into 
Various Angular Intervals. 

Average Energy of Cascade Nucleons (Neutrons 
and It ) Emitted into Various Angular Intervals. 
Average Excitation Energy Following the 
Cascade Reaction. 

Excitation Energy Distributions Following the 
Cascade Reaction for Aluminum and Lead 
Targets , 

Radiochemical Cross Sections vs Mass Number 
for Aluminum, Copper, and Lead Targets. 


COMMENTS 


It is not readily apparent why some of the data have the values or 
the dependences that are illustrated. In this section plausibility argu- 
ments are given to explain some of these results. 

The first result that we should discuss is illustrated in Fig. 1. 
Here the total nonelastic cross section for 400-MeV neutrons is slightly 
greater than that for 200-MeV neutrons over the builk of the mass range. 

The higher mass nuclei have an excess of neutrons; therefore, for incident 
neutrons the free -particle n-n cross section has a greater effect on the 
nuclear nonelastic cross section than the n-p cross section does. The 
free-particle n-n (or p-p) cross section is higher at 450 MeV than it is 
at 250 MeV,* whereas the reverse is true for the n-p cross section, so 

*The free-particle cross sections are evaluiated at 450 and 25 O MeV to 
include the effect of the attractive nuclear potential - about 50 MeV. 

The p-p cross section starts to increase rapidly at about 400 MeV. 
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the net effect is a sli^t increase in the total nuclear nonelastic cross 
section. The reverse of this is expected for incident protons, illustrated 
in Fig. 2 . 

The next result which requires an explanation is the factor-of-two 
difference in the number of cascade neutrons emitted compared to the num- 
ber of cascade protons for incident neutrons. These data are illustrated 
in Figs. 3 and 4 . If the free -particle cross sections were equial and if 
the neutron and proton densities inside the nucleus were the same, then 
the probability of an incident neutron interacting with a neutron or 
proton on the first collision would be the same. After the first colli- 
sion, there would be two neutrons in the second generation if the first 
interaction were with a neutron. There would be one neutron and one 
proton if the interaction were with a proton. Under these circumstances, 
the average number of neutrons in the second generation is three times 
higher than the number of protons. This ratio is reduced in subsequent 
generations, but the particles escape before many generations can develop. 
Differences in cross sections and in the numbers of neutrons and protons 
inside the nucleus complicate the argument, but the main effect is ap- 
parent in the results. In Figs. 5 an<^ 6 the same type of data is il- 
lustrated for incident protons, but the effect is manifest only in the 
light elements where the number of neutrons and protons in the nucleus is 
the same. The neutron excess in the heavier nuclei apparently wipes out 
the effect completely. 

In Fig. 8 there is a peculiar discontinuity in the number of evapora- 
tion protons for a copper target (A = 65) • This comes from our use of the 
A = 65, Z = 29 isotope as our target, which is slightly to the right of 
the valley of stability, indicating a degree of proton deficiency. Our 
evaporation program is apparently qxiite sensitive to this in the midrange 
mass region, for when we use the A = 65 isotope the number of evaporation 
protons is increased to the point where the discontinuities are eliminated. 

A steep drop to zero at the end of the mass range for the average 
energy of evaporation protons using 50 -MeV incident protons is illustrated 
in Fig. l 4 . There were no evaporation protons emitted for the A = 238 
case. The average number of evaporation protons is very small for the 
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A = 185 and A = 207 cases (see Fig. 8)^ but not zero^ so a reasonable 
average energy is obtained for these targets. 

In Fig. 52 ^ illustrating the excitation energy distribution for 
50 -MeV neutrons on lead, the value of the distribution is zero for the 
energy interval between 48 and 54 MeV and a peak between 54 and 60 MeV 
is exhibited. The peak should actually be a spike at 57 MeV because it 
represents the excitation energy vhen a 50-MeV neutron with a 7-MeV 
binding energy* is absorbed without subsequent cascade particle emission. 
One has the maximum possible excitation energy when this occurs. The 
next highest possible excitation energy is given by the sit'uation where 
the incident particle is absorbed and one nucleon is emitted with the 
smallest possible kinetic energy, i.e., the cutoff energy for the cascade 
calculation. The excitation energy is then the incident energy minus 
the cutoff energy ( 6.7 MeV for lead and 1.6 MeV for aluminum). Therefore, 
there cannot be an excitation energy between 48 and 54 MeV for the case 
of the lead target. 

Figures 40 and 4l illustrate peaks in the mass distribution of the 
radiochemical cross sections for 5 O” a^nd 100-MeV neutrons and protons on 
lead. These result from the rather hi^ probability of absorption of the 
incident particle with the subsequent emission of particles (mostly neu- 
trons) by evaporation only. 

The pion-nucleon resonance at 200-MeV accounts for the fact that 
the total nonelastic cross sections for 150-MeV pions are larger than 
those with either 5 O- or ^00-M.eV incident energy. The curves are il- 
lustrated in Figs. 42 and 45 . 

The factor-of-two difference in the cascade neutron multiplicities 
between the n~ and it'*' interactions (Figs. 44 and 45) is due to the large 
difference in the it +n and it"*'+n cross sections in this energy region. 

One assumes that 


a(it +n) = a(it'*'+p) 


*The nucleons are assumed to have a 7-MeV binding energy in all the nuclei. 
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and 


a( jr"*'+n) 


cr(n"+p) 


from charge symmetry, 

Pion absolution accounts for the high average cascade -neutron 
energy^ particularly for 50-MeV incident Jt ^ illustrated in Fig. 52. When 
a pion is absorbed^ its kinetic energy plus its rest mass energy ( ~ l40 
MeV) is given up to the nucleons in the nucleus. 

Absoiption is also a contributing factor in the rather high magni- 
tudes of the average evaporation neutron energies from the light elements^ 
illustrated in Fig. which result from the increased average excitation 
energy caused by absorption. The mass dependence of the average evapora- 
tion neutron energy for incident pions is the same as that for incident 
nucleons (Fig. 15)^ as would be expected. 

As shown in Figs. 8l and 82^ there are many peaks in the cross 
sections^ but the prominent one at mass number I90 for 50-MeV it” and :n:'^ on 
lead is caused by the rather high probability of absorption without emis- 
sion of cascade nucleons. The others result from complicated relation- 
ships between all of the quantities associated with the cascade -evaporation 
process^ and no attempt at an explanation will be made. 
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TOTAL NONELRSTTC CROSS SECTION VERSUS MASS NUMBER A FOR INCIDENT PROTONS 
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RVERRGE NUMBER OF EMITTEO CRSCRDE NEUTRONS PER TNEERSTIC COLLISION VERSUS MRSS NUMBER R FOR INCIDENT NEUTRONS 
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MASS NUMBER fl 


AVERAGE NUMBER OF EMITTED CASCADE PROTONS PER INELASTIC COLLISION VERSUS MASS NUMBER A FOR INCIDENT NEUTRONS 
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RVERflGE NUMBER OF EMITTED CflSCflDE NEUTRONS PER INELASTIC COLLISION VERSUS MASS NUMBER A FOR INCIDENT PROTONS 
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AVERAGE NUMBER OF EVAPORATION NEUTRONS PER INELASTIC COLLISION VERSUS MASS NUMBER A FOR INCIDENT NEUTRONS 
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AVERAGE NUMBER OF EVAPORATION PROTONS PER INELASTIC COLLISION VERSUS MASS NUMBER A FOR INCIDENT NEUTRONS 
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flVERRGE NUMBER OF EVAPORfiTION NEUTRONS PER INELfiSnC COLLISION VERSUS MASS NUMBER fi FOR INCIDENT PROTONS 



MASS NUMBER A 




flVERRGE NUMBER OF EVflPORRTrON PROTONS PER INELflSTrC COLLISION VERSUS MfiSS NUMBER fl FOR INCIDENT PROTONS 
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Fig. II RVERRGE ENERGY OF EMITTED CRSCROE NEUTRONS VERSUS MRSS NUMBER R FOR INCIDENT NEUTRONS 


17 



(A3W) SN0ain3N 03UIW3 30 13a3N3 30Ha3Ab 


MRSS NUMBER fl 






Fig. 12 AVERAGE ENERGY OF EMITTED CASCADE PROTONS VERSUS MASS NUMBER A FOR INCIDENT NEUTRONS 
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Fig. 13 RVERRGE ENERGY OF EVRPORflTION NEUTRONS VERSUS MRSS NUMBER fl FOR TNCrOENT NEUTRONS 
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DIFFERENTIAL CROSS SECT. FOR EMISSION OF CASCADE NEUT.IN LAB. AND. INTERVAL 0-30° VS . MASS NO. A FOR INCIDENT NEUT, 


21 



MASS NUMBER R 



ORNL DWG 67-5546 

Fig. 16 ofFFERENTIRL CROSS SECT. FOR EMISSION OF CBSCBDE PROT.IN LR8. RNG. INTERVAL 0-30°VS.MftSS NO.R FOR INCIDENT NEUT. 
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ORNL DWG 67-5547 

''boo!' OJI'f'Ef'ENTJflL CROSS SECT. FOR EMJSSJON OF CBSCflOE NEUT.IN LRB . RNG. INTERVAL 30-60° V5. MASS NO. ft FOR INCIDENT NEUT. 
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DIFFERENTIAL CROSS SECT, FOR EMISSION OF CflSCflOE NEUT.IN LflB.RNG. INTERVAL 60-120'’ VS. MASS NO. A FOR INCIDENT NEUT. 



MASS NUMBER A 




ORNL DWG 67-5550 

OrFFERENTIfiL CROSS SECT.FOR EMISSION OF CRSCflOE PROT.IN LflB.RNG. INTERVAL 6 0 - 120 * VS. MASS NO. R FOR INCIDENT NEUT. 


26 



(Nyioyy3is/9W) yo^woo/ywojsa 


MASS NUMBER R 



Rn n CROSS SECT, FOR EMISSION OF CflSCPOE NEUT.IN LP8. flNG. INTERVAL 120-180® VS. MASS NO.fl FOR INCIDENT NEUT. 
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ftVERRGE ENERGY OF CflSCRDE PROTONS EMITTED INTO THE LRB.RNG. INTERVAL 0-30' VS. MASS NUMBER R FOR INCIDENT NEUT. 
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AVERAGE ENERGY OF CASCADE NEUTRONS EMITTED INTO THE LAB. ANG. INTERVAL 30-60" VS. MASS NUMBER A FOR INCIDENT NEUT 


31 



MASS NUMBER fi 









MfiSS NUMBER fi 










flVERRGE ENERGY OF CflSCRDE NEUTRONS EMITTED INTO THE LRB.RNG. INTERVRL 60-120" VS. MRSS NUMBER R FOR INCIDENT NEUT. 
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RVERflGE ENERGY OF CASCADE PROTONS EMITTED INTO THE LAB. ANG. INTERVAL 60-120° VS. MASS NUMBER A FOR INCIDENT NEUT. 
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MASS NUMBER A 


HVERRGE ENERGY OF CflSCRDE NEUTRONS EMITTED INTO THE LRB.RNG, INTERVAL 120-180’ VS. MRSS NUMBER R FOR INCIDENT NEUT. 
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RVERRGE EXCITRirON ENERGY OF THE RESIDURL NUCLEUS RFTER CRSCROE RERCTION VS MRSS NUMBER R FOR INCrDENT NEUTRONS 
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Fig. 32 ExcrTflTION ENERGY OrSTRIBUTION OF THE RESIDUAL NUCLEUS AFTER CASCADE REACTION FOR 50 MEV NEUTRONS ON AL AND PB 
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EXCrTflTION ENERGY DrSTRIBUTION OF THE RESIDURL NUCLEUS RFTER CflSCRDE RERCTION FOR 50 MEV PROTONS ON RL RND PB 
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EXCrTRTION ENERGY OISTRIBUTION OF THE RESIDUAL NUCLEUS AFTER CASCADE REACTION FOR 400 MEV NEUTRONS ON AL AND P6 
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EXCITATION ENERGY. E* (MEV) 




EXCITFITrON ENERGY DISTRIBUTrON OF THE RESIDURL NUCLEUS AFTER CASCADE REACTION FOR 400 MEV PROTONS ON AL AND PB 
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CROSS SECTION FOR THE FORMRTION OF RESIDUAL NUCLEI OF MASS NO. A FOLLOWING EVAPORATION FOR PROTONS ON AL(A=27) 
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CROSS SECTION FOR THE FORMATION OF RESIDUAL NUCLEI OF MASS NO. A FOLLOWING EVAPORATION FOR NEUTRONS ON PB(A=207) 
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CROSS SECTION FOR THE FORMATION OF RESIDUAL NUCLEI OF MASS NO. A FOLLOWING EVAPORATION FOR PROTONS ON PB(A=207J 
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Fig. 42 tOTRL NONELRSnC CROSS SECTION VERSUS MRSS NUMBER R FOR INCIDENT PI- 



O 50-MEV INCIDENT PI 
A 1 50-MEV INCIDENT PI 
X 300-MEV INCIDENT PT 



Fig. 43 TOTRL NONELRSnC CROSS SECTION VERSUS MRSS NUMBER R FOR INCIDENT PI+ 
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AVERAGE NUMBER OF EMITTED CASCADE NEUTRONS PER TNELASTIC COLLISION VERSUS MASS NUMBER A FOR INCIDENT PI- 
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RVERRGE NUMBER OF EMITTED CRSCROE NEUTRONS PER INELRSTIC COLLISION VERSUS MRSS NUMBER R FOR INCIDENT PI 
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flVERRGE NUMBER OF EMITTED CRSCROE PI- PER INELRSTIC COLLISION VERSUS MRSS NUMBER R FOR INCIDENT PI- 
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Fig. 47 flVERRGE NUMBER OF EMITTED CflSCRDE PI+ PER INEERSTIC COLLISION VERSUS MRSS NUMBER R FOR INCIDENT PI+ 
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flVERRGE NUMBER OF EVfiPORRTION NEUTRONS PER INELRSTIC COLLISION VERSUS MRSS NUMBER R FOR INCIDENT PI- 
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Fig. 49 AVERAGE NUMBER OF EVAPORATION PROTONS PER INELASTIC COLLISION VERSUS MASS NUMBER A FOR INCIDENT PI- 
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Fig. 51 RVERRGE NUMBER OF EVRPORRTrON PROTONS PER INELfiSTIC COLLISION VERSUS MRSS NUMBER fl FOR INCIDENT PI+ 
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Fig. 52 AVERAGE ENERGY OF EMITTED CASCADE NEUTRONS VERSUS MASS NUMBER A FOR INCIDENT PI- 
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Fig. 53 flVERRGE ENERGY OF EMITTED CflSCflOE PI- VERSUS MRSS NUMBER R FOR INCIDENT PI- 
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AVERAGE ENERGY OF EVAPORATION NEUTRONS VERSUS MASS NUMBER A FOR INCIDENT PI- 
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Fig. 55 RVERflGE ENERGY OF EVflPORRTrON PROTONS VERSUS MRSS NUMBER R FOR INCrOENT PI 
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DIFFERENTIRL CROSS SECT.FOR EMISSION OF CASCADE NEUT. IN LAB. ANG. INTERVAL 0-60'VS.MASS NO. A FOR INCIDENT PI- 
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DIFFERENTIRL CROSS SECT. FOR EMISSION OF CfiSCflOE PI- IN LflB.flNG. INTERVAL 0-60" VS. MASS NO. A FOR INCIDENT PI- 
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O 50-MEV INCrOENT PI- 
A 1 50-MEV INCrOENT PI 
X300-MEY INCrOENT PI- 










OrFFERENTIflL CROSS SECT. FOR EMISSION OF CASCADE PI- IN LAB, ANG. INTERVAL 60 - 90 “ VS. MASS NO, A FOR INCIDENT PI- 
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DIFFERENTIRL CROSS SECT.FOR EMISSION OF CflSCflOE NEUT. IN LflB.RNG. INTERVAL 90-120” VS. MASS NO.fl FOR INCIDENT PI- 
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DIFFERENTIAL CROSS SECT. FOR EMISSION OF CASCADE PI- IN LAB. AND. INTERVAL 90-120" VS. MASS NO. A FOR INCIDENT PI- 
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ORNL DWG 67-5592 

DIFFERENTIRL CROSS SECT. FOR EMISSION OF CflSCflOE NEUT.IN LflB. flNG. INTERVAL 120-180“ VS. MASS NO. A FOR INCIDENT PI- 
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DIFFERENTIAL CROSS SECT. FOR EMISSION OF CflSCflDE PI- IN LAB. AND. INTERVAL 120-180" VS. MASS NO. A FOR INCIDENT PI- 
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flVERflGE ENERGY OF CflSCRDE NEUTRONS EMITTED INTO THE LflB.flNG. INTERVAL 0-60* VS. MASS NUMBER A FOR INCIDENT PI- 
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RVERRGE ENERGY OF CRSCROE PI- EMITTED INTO THE LRB.RNG. INTERVRL 0-60*VS.MRSS NUMBER R FOR INCIDENT PI- 
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ORNL DWG 67-5596 

fiVERRGE ENERGY OF CASCADE NEUTRONS EMITTED INTO THE LAB. ANG. INTERVAL 60-90“ VS. MASS NUMBER A FOR INCIDENT PI- 
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Fig. 67 qVERHGE ENERGY OF CASCADE PI- EMITTED INTO THE LAB. ANG. INTERVAL 60-90“ VS. MASS NUMBER A FOR INCIDENT PI- 
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fiVERflGE ENERGY OF CRSCflDE NEUTRONS EMITTED INTO THE LflB.RNG. INTERVAL 90-120® VS. MASS NUMBER R FOR INCIDENT PI- 



O 50-MEV INCrOENT PI- 
A 1 50-MEV INCIDENT PI- 
X300-MEY INCIDENT PI- 







fiVERflGE ENERGY OF CASCADE PI- EMITTED INTO THE LAB. ANG. INTERVAL 90-120° VS. MASS NUMBER A FOR INCIDENT PI- 



O 50-MEV INCIDENT PI- 
A 150-MEV INCIDENT PI 
X300-MEV INCIDENT PI- 



ORNL DWG 67-5600 

AVERAGE ENERGY OF CASCADE NEUTRONS EMITTED INTO THE LAB. AND. INTERVAL 120-180" VS. MASS NUMBER A FOR INCIDENT PI- 
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RVERflGE ENERGY OF CflSCROE PI- EMITTED INTO THE LRB.RNG. INTERVRL 120-180" VS. MRSS NUMBER fl FOR INCIDENT PI- 
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flVERRGE EXCriRTION ENERGY OF THE RESIDURL NUCLEUS RFTER CRSCRDE RERCTION VS MRSS NUMBER R FOR INCrOENT PI- 
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ORNL DWG 67-5603 

EXCITfiTION ENER&T OISTRIBUTION OF THE RESIDUAL NUCLEUS AFTER CASCADE REACTION FOR 50 MEV PI- ON AL AND PB 
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■"’s- EXCITRUON ENERGY DISTRIBUTION OF THE RESIDURL NUCLEUS RFTER CRSCROE RERCTION FOR 50 MEV PI+ ON RL RND PB 
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EXCITRTrON ENERGY DISTRIBUTrON OF THE RESIOUPL NUCLEUS RFTER CflSCRDE RERCTION FOR 300 MEV PI- ON RL RND PB 
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CROSS SECTION FOR THE FORMRTION OF RESIDUPL NUCLEI OF MASS NO. fl FOLLOWING EVRPORflTION FOR PI- ON RL (fl=27) 
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CROSS SECTION FOR THE FORMRTION OF RESIDURL NUCLEI OF MRSS NO. R FOLLOWING EVRPORRTION FOR PI- ON CU (R=65) 
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CROSS SECTION FOR THE FORMATION OF RESIDUAL NUCLEI OF MASS NO. A FOLLOHING EVAPORATION FOR PI- ON PB (A=207) 
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